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APPARATUS AND METHOD FOR
DETERMINING START OF INJECTION IN A
FUEL INJECTED INTERNAL COMBUSTION

ENGINE

FIELD OF THE INVENTION

The present invention relates generally to fuel injection
timing in an internal combustion engine, and more specifi-
cally to systems and methods for determining fuel injection
events.

BACKGROUND OF THE INVENTION

Fuel injection timing accuracy and repeatability are fun-
damental to diesel engine emissions, fuel consui ption,
durability and performance. As used herein, the term “fuel
injection timing” refers to a point in the standard diesel
engine cycle, measured in terms of crank shaft angle relative
to piston top dead center (TDC), when fuel is introduced into
the combustion chamber of the cylinder. Such fuel intro-
duction is commonly referred to as “start of injection”, or
SOL. In accordance with typical operation of a diesel engine,
SOI may occur several degrees in advance, or retard, of TDC
at the conclusion of the compression stroke.

As used above, the term “fuel injection timing accuracy”
refers to the uncertainty in establishing a mean SOI condi-
tion, wherein the level of uncertainty determines the extent
to which desired engine operating conditions can be pro-
duced from standard fuel injection system settings. The term
“fuel injection timing repeatability”, on the other hand,
refers to the uncertainty in maintaining a desired SOI
condition, wherein the level of uncertainty in this case
determines the extent to which desired engine operating
conditions can be maintained while fuel injection system
settings are held constant.

Fuel system specific definitions and procedures for esti-
mating SOl are necessary to accommodate physical and
operational fuel system differences. For example, a closed
nozzle unit injector is typically fitted with a needle lift sensor
and the mstant of needle opening used as an SOI criterion.
Although such an arrangement provides for precise closed
nozzle SOI data, no such similar arrangement is applicable
in an open nozzle fuel injection system due to the structural
nature of an open nozzle fuel injector.

An example of one known open nozzle unit fuel injection
system 10 is shown in FIG. 1. Referring to FIG. 1, a portion
of an internal combustion engine 12 is shown defining a
cylinder 14 therein. A piston 16 is disposed within cylinder
14 and the portion of cylinder 14 above piston 16 defines a
combustion chamber 15. Piston 16 is attached to a crank
shaft 18 which rotates in the direction shown to displace
piston 16 within cylinder 14 between a bottom dead center
(BDC) position and a top dead center (TDC) position as is
known in the art.

Crankshaft 18 is coupled to a camshaft 22, typically via
a gear 20, such that camshaft 22 rotates synchronously with
the crankshaft 18 in the direction shown. Camshaft 22
defines a non-concentric cam lobe 24 in contact with a
rocker arm 26 which is also in contact with a push rod 28.
Push rod 28 is, in turn, in contact with a rocker lever 30.
Rocker arm 26, push rod 28 and rocker lever 30 together
define a so-called injector train.

An open nozzle fuel injector 32, which may typically be
a so-called unit fuel injector, includes an injector body 34
defining a bore 36 therethrough. A first injector plunger 38
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1s disposed within bore 36 and includes a top plate 40. An
injector return spring 42 is disposed between injector body
34 and top plate 40 such that plunger 38 is biased against
rocker lever 30. A second injector plunger 44 is disposed
within bore 36 below plunger 38, and an adjustable hydrau-
lic link 46 is defined therebetween. Alternatively, plungers
38 and 44 can be combined into a single plunger having no

hydraulic link therebetween. Bore 36 terminates at its lower
end in an open nozzle 48.

As camshaft 22 rotates, the non-concentric cam lobe 24
actuates rocker arm 26 in the directions shown. The action
of rocker arm 26 vertically actuates push rod 28 which
causes rocker lever 30 to pivot about pivot point 31. The
action of rocker lever 30, in turn, imparts a drive force on
plunger 38 which is biased toward rocker lever 30 by spring
42. As the force of rocker lever 30 overcomes the biasing
force of spring 42, plunger 38 is forced downwardly within
bore 36 of fuel injector 32. As the pressure within the portion
of bore 36 below plunger 44 is sufficiently increased by the
action of descending plungers 38 and 44, a trapped air-fuel
mixture is expelled from open nozzle 48 into the combustion
chamber 15 of cylinder 14 when the piston 16 is in the
vicinity of TDC at the conclusion of the compression stroke

- as 18 known in the art. Typically, fuel injection timing is

controlled relative to piston TDC by adjusting the angular
relationship of the crank shaft 18 and camshaft 22, and/or by
adjusting the height of the hydraulic link 46 if fuel injector
32 includes both plungers 38 and 44.

It is generally known in the art that SOI information in an
open nozzle fuel injection system, such as system 10 of FIG.
1, can be obtained by measuring the forces imparted to
plunger 38 by rocker lever 30 as a function of the position -
of crank shaft 18, typically measured in degrees relative to
piston 16 TDC. To this end, system 10 typically includes a
toothed wheel 50 coupled to cam shaft 22 via gear 52.
Alternatively, wheel 50 may be coupled directly to cam shaft
22. In either case, wheel 50 rotates in synchronism with cam
shaft 22. In other known arrangements, wheel 50 is coupled,
either directly or indirectly, to crank shaft 18 for synchro-
nous rotation therewith. Regardless of the specific structural
arrangement, wheel 50 ultimately rotates synchronously
with crank shaft 18 so that the speed and/or angle of crank
shaft 18 relative to piston TDC can be ascertained.

Wheel 50 typically includes a plurality of equally spaced
apart teeth 54 and an extra tooth 56 positioned between two
of the equally spaced apart teeth 54. A pickup 58 is posi-
tioned adjacent wheel 50 to detect the passage of any of teeth
34 and 56 thereby. Tooth 56 is included to provide a means
for determining piston TDC, and teeth 54 are used to
measure the angle of crank shaft 18 relative to piston TDC.
Toothed wheel 50 and pickup 58 define a known engine
speed and position sensor which is operable to provide an
engine speed/position signal indicative of crank shaft angle
relative to piston TDC to computer 60 via signal path 62

connected between pickup 58 and an input port of computer
60. |

System 10 further includes a strain gauge sensor 64
attached to rocker lever 30 and connected to an input port of
computer 60 via signal paths 66 and 68. Strain gauge sensor
64 is operable to provide an injector train load signal
indicative of the load forces imparted to plunger 38 of fuel
injector 32 by rocker lever 30 as is known in the art.

Computer 60 simultaneously receives the engine speed/
position signal, via signal path 62, and the injector train load
signal, via signal paths 66 and 68, and processes these
signals as is known in the art to relate crank shaft angle to
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injector train load as a function thereof. Computer 60
typically further includes additional I/O lines 70 for receiv-
ing and sending data relating to the operation of other
components of system 10 and of engine operating condi-
tions. Finally, an output device 72, which is typically a
plotter, is connected to computer 60 via output lines 74 so
that data relating to system 10 can be plotted and thereafter
viewed.

Reterring now to FIG. 2, a plot of injector train load
versus crank angle 80 is shown illustrating a typical open
nozzle fuel injection event. The characteristic injector train
load curve 80 consists of three distinct phases: (1) train
compression 82, (2) transition 84, and (3) homogeneous
liquid fuel injection 86. During train compression 82, injec-
tor train load increases with downward movement of
plunger 38 as spring 42 and other elastic injector train
components are compressed and the injection charge, con-
sisting of air, fuel and fuel vapor, is pressurized. Transition
84 follows thereafter during which the air and fuel vapor
volumes are collapsed and piston TDC 88 occurs at TDC
crank angle 85. It is during transition 84 that SOI occurs at
an SOI angle referenced to TDC crank angle 85. The fuel
injection event concludes with homogeneous liguid fuel
injection 86 during which injector train loads rise sharply
and the remaining fuel is expelled from open nozzie fuel
injector 32.

A number of subjective criteria for determining SOI
information in an open nozzle fuel injection system, such as
system 10 of FIG. 1, are known. An example of one such
criterion is.a so-called Rocker Load Threshold (RLT)
approach. The RLT approach defines SOI as the crank angle,
measured in degrees relative to piston TDC, corresponding
to the point on the injector train load curve that injector train
- load first achieves a specified threshold level. A graphical
example of the RLT approach is shown in FIG. 3.

Referring to FIG. 3, injector train load versus crank shaft
angle 80 is shown. The point 88 on the injector train load
curve 80 corresponding to piston TDC is shown as occurring
within a range 90 of injector train load threshold values.
Similarly, the crank shaft angle 85 corresponding to piston
TDC 1s shown as occurring within a range 92 of possible
crank shatt angles, wherein the range of possible crank shaft
angles corresponds to the range of injector train load thresh-
old values. In accordance with the RLT technique, the SOI
crank angle 1s defined as the crank angle, within crank angle
range 92, that corresponds to a predefined injector train load
threshold value that occurs within injector train load thresh-
old range 90.

The RLT approach illustrated in FIG. 3 has several
drawbacks associated therewith. First, small anomalies in
the shallow portion of the injector train load response can
produce false SOI indications. While increasing the injector
train load threshold value effectively reduces the sensitivity
to such anomalies, locating the threshold value above the
transition region has the disadvantage that the load and load
ratc differences between operating conditions produce
imconsistencies in estimates of absolute SOI. Secondly, SOI
variability is sensitive to the slope of the injector train load
response 80 in the transition region and to vertical displace-
ments of the threshold value and load response. Third, the
RLT technique requires, as a consequence of inherent sub-
jectivities associated therewith, that an injector train load
threshold value to be chosen for a particular operating
condition and subsequently applied to all operating cylinders
and injection events during the observation period. Com-
promise 18 therefore required when SOI variability is great.
Further, SOI determination is sensitive to the DC component
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of strain gauge output for between engine and cylinder
comparisons.

Another known subjective criterion for determining SOI
information in an open nozzle fuel injection system is a
so-called Rocker Load Intersection (RLI) approach. The
RLI approach defines SOI as the crank angle, measured in
degrees relative to piston TDC, corresponding to the point
on the injector train load curve at which best fit lines
approximating the slopes of the injector train compression
and homogeneous liquid fuel injection portions of the injec-

tor train load curve intersects. A graphical example of the
RLI approach is shown in FIG. 4.

Referring to FIG. 4, the injector train load response 80
versus crank angle is shown. A best fit line 94 is drawn
through the injector train compression portion of response
80 and a best fit line 6 is drawn through the homogeneous
liquid fuel injection portion. As shown in FIG. 4, best fit
lines 94 and 96 intersect at intersection point 98. In accor-
dance with the RLI approach, the crank angle 100 corre-
sponding to intersection point 98 is the SOI crank angle.

As with the RLT approach, the RLI approach suffers from
several drawbacks. First, the RLI approach is largely a
manual graphical technique that is often difficult to apply in
practice, particularly for operating modes having long tran-
sition phases and short homogeneous liquid fuel injection
phases. Secondly, the RLI approach ignores the transition
phase of the injector train load response, which is commonly
held as the phase in which SOI occurs. Rather, the RLI
approach depends entirely on the slopes of the train com-
pression and homogeneous liquid fuel injection portions of
the injector train load response, which can lead to inherent
inaccuracies and variability in SOI determinations.

From the foregoing explanation, it should be apparent that
both the RLT and RLI approaches can lead to inaccurate and
highly variable SOI determinations. The inherent subjectiv-
ity in the selection of the injector train load threshold value
in the RLT approach, and in the fit of the straight line
segments in the RLI approach, introduce further uncertainty
in SOI determinations.

A reference standard is the foundation of any useful
measurement approach since it provides a basis for quanti-
tative data comparison. Such a standard, including appro-
priate definitions and procedures, is necessary if compari-
sons of SOI are to be made within cylinders, between
cylinders, and between engines for the purpose of assessing
operational varability. An ideal reference standard should
minimize procedural and measurement system contributions
to the observed variability and maximize the signal to noise
ratio consistent with good measurement practice. What is
therefore needed 1s an objective technique for determining
SOl in an open nozzle fuel injection system that minimizes
Inaccuracies and measurement variability attributable to the
technique and maximizes measurement repeatability.

SUMMARY OF THE INVENTION

The present invention addresses the foregoing shortcom-
ings of known techniques for determining SOI in open
nozzle tuel injection systems. In accordance with the inven-
tion, an objective criterion for determining SOI in an open
nozzle fuel injection system defines SOI as the crank angle,
measured in degrees relative to piston TDC, corresponding
to the point in the injector train load response at which the
rate of change of injector train load achieves a predefined
fraction of its maximum value. To this end, an injector train
load sensor provides an injector train load signal, and an
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engine position/speed sensor provides a crank shaft timing
signal, to a computer. The computer is operable to sample
the injector train load and crank shaft timing signals and
determine therefrom injector train load data as a function of
crank shaft angle or as a function of time for later conversion
to crank shait angle. The injector train load data is then
smoothed and a first derivative thereof is computed with
respect to crank shaft angle or with respect to time. A
aximum value of the first derivative is computed and
multiplied by a predefined fraction thereof. The crank shaft
angle, relative to piston TDC, corresponding to the pre-
defined fraction of the maximum value of the first derivative
is defined as the SOI crank shaft angle.

One object of the present invention is to provide an .

objective criterion for determining SOI in an open nozzle
fuel injection system.

Another object of the present invention is to minimize the
efiect of such a criterion on inaccuracies and measurement
variability in determining SOI information.

Yet another object of the present invention is to maximize

the effect of such a criterion on repeatability of SOI deter-
minations.

These and other objects of the present invention will

become more apparent from the following description of the
preferred embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 s a partial cross-sectional view of a known system
for determining SOI in an open nozzle fuel injection system;

FIG. 2 is a plot of injector train load versus crank shaft
angle obtained by the system of FIG. 1;

FIG. 3 is a plot of injector train load versus crank shaft
angle 1llustrating one known technique for determining SOI
in the open nozzle fuel injection system of FIG. 1;

FIG. 4 is a plot of injector train load versus crank shaft
angle illustrating another known technique for determining
SOI in the open nozzle fuel injection system of FIG. 1:

FI1G. 5 is a flow chart illustrating one preferred embodi-
ment of a software algorithm executable by a computer to
perform the injector train load rate technique of the present
invention to determine SOI in a fuel injection system;

FIG. 6 is composed of FIGS. 6A and 6B and graphically
illustrates the operation of the algorithm of FIG. 5 in an open
nozzle fuel injection system;

FIG. 7 is composed of FIGS. 7A and 7B and illustrates use
~of the injector train load rate technique of the present
invention in the open nozzle fuel injection system of FIG. 1;

FIG. 8 is a plot of simulated injector train load versus
crank shaft angle illustrating the effect of a quadratic moving
average data smoothing technique as compared to an arith-
metic moving average data smoothing technique, in accor-
dance with the present invention;

FIG. 9 is a plot of the first derivative of the data shown in

FIG. §;

FIG. 10 1s a plot of the first derivative of actual injector
train load data versus crank shaft angle illustrating the effect
of the quadratic moving average data smoothing technique
versus an arithmetic moving average data smoothing tech-
nique; and

FIG. 11 is composed of FIGS. 11A and 11B and illustrates
a comparison between the injector train load rate technique
of the present invention and the known RLT technique in

determining within cylinder and between cylinder timing
variability.
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DESCRIPTION OF THE PREFERRED
EMBODIMENT

For the purposes of promoting an understanding of the
principles of the invention, reference will now be made to
the embodiment illustrated in the drawings and specific
language will be used to describe the same. It will never-
theless be understood that no limitation of the scope of the
invention is thereby intended, such alterations and further
modifications in the illustrated device, and such further
applications of the principles of the invention as illustrated
therein being contemplated as would normally occur to one
skilled in the art to which the invention relates.

The present invention utilizes the open nozzle fuel injec-
tion system 10 shown in FIG. 1 and described in the
BACKGROUND section to provide an objective technique
tor determining SOI in such a system. System 10, as used in
the present invention, is substantially identical to that shown
and described with respect to FIG. 1 so that the basic
description thereof need not be repeated. However, certain
modifications to the structure of system 10, in accordance
with the present invention, should be pointed out.

A fuel injection charge consisting of air, fuel and fuel
vapor 1s expelled from the nozzle 48 of the fuel injector 32
by the downward motion of the plungers 38 and 44 when the
piston 16 is in the vicinity of TDC at the conclusion of the
compression stroke. The force moving plungers 38 and 44 in
the downward direction is developed in the injector train
components, defined by rocker arm 26, push rod 28 and
rocker lever 30, by cam shaft 22 driven by crank shaft 18.
The fuel injector 32 is thus mechanically driven by crank-
shaft 18 against the opposing biasing force of injector spring
42. Preferably, fuel injector 32 is a unit-type open nozzle
fuel injector, although the present invention contemplates
that the concepts described herein may be used with any type
of fuel 1njector including those having a fuel intensifier (not
shown) in place of the described plunger structure. More-
over, while fuel injector 32 is shown and described as being
mechanically driven by crankshaft 18 against the opposing
biasing force of injector spring 42 via the injector train
components, the present invention contemplates that the
injector train components may comprise any known link
which couples crankshaft 18 to the fuel injector plunger 38.
For example, the “injector train” may be a known hydraulic
fuel injector drive unit which is actuated by crankshaft 18 to
drive fuel injector 32.

Although system 10 of FIG. 1 is shown, and was previ-
ously described, as having a strain gauge sensor 64 opera-
tively associated with rocker lever 30 for providing an
injector train load signal to computer 60 via signal paths 66
and 68, those skilled in the art will recognize that any known
sensor, or other known means to obtain information related
to the potential energy in the injector 32 and/or injector train
components 26, 28 and/or 30, may be used to provide such
a signal. Further, although toothed wheel 50 and pick up 58
18 shown, and was previously described, as providing a
crank shaft angle signal to computer 60 via signal path 62,
it is to be understood that any such sensor may be used to
provide a crank shaft timing signal that is either crank
angle-based (crank angle position) or time-based (time
sampled with known engine speed). Computer 60 may be
configured to process either type of signal and convert at any
time thereafter such a crank shaft timing signal to a crank
angle, relative to a predefined position of crank shaft 18,
preterably TDC of piston 16, as is known in the art of diesel
engine operation.

In accordance with the present invention, computer 60 is
equipped with a software algorithm for objectively deter-
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mining SOI in a fuel injection system of an internal com-
bustion engine. Computer 60 is therefore of the type having
ROM, RAM and sufficient computing power to implement
the software algorithm of the present invention. Computer
60 may therefore be a known personal computer (PC),
preferably having at least a 386-type processor, any of a
number of known industnal-type or special purpose com-
puters, or a vehicle control computer. It 1s to be understood
that although such SOI measurements are typically carried
out during engine development in a laboratory or other
setting, the present invention contemplates utilizing the
concepts of the present invention in an operating vehicle to
provide the vehicle control computer 60 with real-time

information relating to SOI and/or other fuel injection
events.

Referring now to FIG. 5, a flow chart illustrating a
preferred embodiment of a software algorithm 110 execut-

able by the computer 60 of FIG. 1, in accordance with the
present invention, is shown. The algorithm 110 starts at step
112 and at step 114, computer 60 samples the injector train
load signal on signal paths 66 and 68, as well as the crank
shaft timing signal on signal path 62. Although any desired
sampling frequency f may be used to sample the injector
train load and crank shaft timing signals, it is to be undet-
stood that f should be high enough to provide sufficient data
points to substantially reconstruct the injector train load

response 80, particularly with respect to the transition por-
tion 84 thereof (see FIG. 2).

Computer 60 is further operable in step 114 to process the
sampled data to maintain sequential pairings of injector train
load data and corresponding crank shaft timing data to
thereby provide for a sampled representation of injector train
load data as a function of either crank shaft angle or time.
Those skilled in the art will recognize that conversion
between crank shaft angle and time may easily be made at
any time in the algorithm of FIG. 5 in accordance with
known relationships if the rotational speed of crank shaft 18
is known. As previously indicated, the present invention
contemplates that toothed wheel S0 and pick up 58 may be
configured to provide computer 60 with either a crank shaft
position signal, as a crank shaft angle relative to a predefined
position thereof (preferably piston TDC), or an engine speed
signal that may be converted at any time thereafter to a crank
angle relative to a predefined crank shaft position. The term
“crank shaft timing” thus refers to either type of crank shaft
data.

As one alternative to the foregoing description of step
114, known uniform crank angle-based or time-based sam-
pling techniques may be used wherein the crank angle
information can be implicitly computed for each injector
train load sample as long as the crank shaft angle of the first
data sample 1s known. In such a case, the sampling portion
of step 114 requires only that computer 60 sample injector
train load data, and the processing portion of step 114
requires implicitly determining crank angle information for
each of the injector train load samples to thereby provide for
a sampled representation of injector train load data as a
function of either crank shaft angle or time. Computer 60
may therefore utilize any of the foregoing techniques to

provide sampled injector train load data as a function of
crank shaft timing.

Algorithm execution continues from step 114 at step 116

where the sampled injector train load data, as a function of

time or crank shaft angle, is subjected to a data smoothing
operation. Although any known data smoothing technique
may be used 1n step 116, a quadratic moving average data
smoothing technique, in accordance with one aspect of the
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present invention, 1s preferably used. Such a quadratic
moving average technique will be described more fully
hereinafter with respect to FIGS. 7-9. From step 116, the
algorithm continues at step 118 where computer 60 com-
putes a first derivative of the smoothed injector train load
data samples with respect to either time or crank shaft angle.
In accordance with the present invention, computer 60 may
use any known numerical technique for computing the first
derivative of the smoothed injector train load data samples
such as, for example, Euler’s method, although preferably a
fourth order central finite difference relationship is used. The

fourth order central finite difierence approximation of a first
derivative 18 given by the equation:

du/dr=(—uf+2+8u,-+1—3!.!_.;_1-1-”,- _2)/(12AX) (1),

where u;, 1=1, n represents the ith injector train load data
sample out a total of n such samples, x represents the crank
shaft timing parameter (time or crank angle), and Ax rep-
resents the difference between adjacent crank shaft timing
parameter samples. The first derivative of the smoothed
injector train load data samples is computed using equation
(1), preferably sequentially, at each sampled data point u..

Referring now to FIGS. 6A and 6B, a graphical repre-
sentation of injector train load response 80 and first deriva-
tive 128 thereof, corresponding to the rate of change of
injector train load with respect to crank shaft timing, and
plotted versus crank shaft angle, is shown. The plots of
FIGS. 6A and 6B have identically scaled horizontal axes
showing the location thereon of the crank angle 85 corre-
sponding to piston TDC. The transition portion 84 of the
injector train load response 80 corresponds to an increasing
rate of change of injector train load as shown by increasing
portion 130 of first denivative curve 128.

Referring now to FIGS. §, 6A and 6B simultaneously, the

algorithm continues from step 118 at step 120 where com-
puter 60 computes a maximum value 132 of the first
derivative 128 of the smoothed injector train load data
sample response 80. In accordance with the present inven-
tion, computer 60 may use any known technique for com-
puting such a maximum value 132 such as, for example, by
setting equation (1) equal to zero and solving for a corre-
sponding value of u;. Preferably, however, a table of first
derivative data values, and corresponding crank shaft timing
parameter values, is maintained, and a maximum value sort
or search is conducted by computer 60, preferably in the
forward direction (corresponding to increasing crank shaft
angle values), to determine the maximum value 132 of the
first derivative 128.

The algorithm continues from step 120 at step 122 where
computer 60 computes a predefined fraction 134 of the
maximum value 132 of the first derivative 128 of the injector
train load response 80. Preferably, the predefined fraction
134 is computed by multiplying the maximum value 132 by
a multiplier. The multiplier may be arbitrarily defined as any
fraction between 0.0 and 1.0 to thereby provide an objective
base line for relating SOI measurements thereto. Preferably,
however, the multiplier is selected in accordance with
empirical data relating to the given engine, fuel injection
system and other factors, which provides an approximate
estimate of SOI. Although it is preferable to choose the
multiplier such that the resulting multiplication at step 122
produces the FRAC value 134 corresponding to the injector
train load value IL¢,, 138 at which SOI actually occurs, it
1s to be understood that such a precisely defined multiplier
1S not necessary since any fixed value for the multiplier will
produce an objective FRAC value 134 which provides a
fixed base line from which SOI measurements can be
compared.
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The algorithm continues from step 122 at step 124 where
computer 60 maps the predefined fraction 134 of the maxi-
mum value 132 of the first derivative 128 of the injector train
load response to its corresponding crank shaft angle 136.
Preferably, step 124 is accomplished by searching the first
derivative data 128 for the FRAC value. The crank shaft
timing value corresponding thereto corresponds to the crank
shaft timing data at which SOI occurs in accordance with the
concepts of the present invention. Determination of the
actual crank shaft angle corresponding to the FRAC value
depends upon the form of the crank shaft timing data. For
example, if the crank shaft timing data 1s composed of crank
shaft angles relative to piston TDC, then determination of
the actual crank shaft angle at which SOI occurs (SOI crank
angle 136) consists simply of reading the crank shaft timing
data associated with the FRAC data value. On the other
hand, if the crank shaft timing data consists of time-based
data, then determination of the SOI crank angle 136 requires
reading the crank shaft timing data associated with the
FRAC data value, and converting this crank shaft timing
data to crank angle data in degrees relative to piston TDC.

The algorithm continues from step 124 at step 126 where
the algorithm is terminated or, alternatively, returned to its
calling routine. From the foregoing, it should now be
apparent that the present invention provides for an objective
criterion for determining SOI, particularly in a mechanically
actuated open nozzle fuel injection system, where SOI is
defined as the crank angle, measured in degrees relative to
piston TDC, corresponding to the injector train load at which
the rate of change of injector train load achieves some
predefined fraction of its maximum value.

Referring now to FIGS. 7A and 7B, an example of an
implementation of the algorithm of FIG. 5 in the system of
FIG. 1 with respect to actual injector train load data is
shown. Referring specifically to FIG. 7A, injector train load
data samples 140 as a function of crank shaft timing were
acquired by computer 60 in accordance with step 114 of
algorithm 110. The injector train load data was sampled at a
ratc of 100 kHz with the engine operating at peak torque.
Smoothed data set 142 was then produced therefrom by
computer 60 1n accordance with a quadratic moving average
data smoothing technique (to be fully discussed hereinafter)
at step 116 of algorithm 110.

Referring specifically to FIG. 7B, the first derivative 146
of the smoothed injector train load data set (filtered injector
train load rate) 142, with respect to crank shaft timing, was
calculated by computer 60 in accordance with step 118 of
algorithm 110. For comparison, the first derivative 144 of
the original injector train load data set (unfiltered injector
train load rate) 140 is also shown. It bears pointing out that
the crank shaft timing parameter used for the computation of
derivatives 144 and 146 is time so that a subsequent con-
version to crank angle, relative to piston TDC, must subse-
quently be made in accordance with algorithm 110.

In accordance with step 120 of algorithm 110, the maxi-
mum value 148 of the filtered injector train load rate 146
appears to be approximately 0.8 * 10° Ibf/sec. For the
example of FIGS. 7A and 7B, the predefined fraction
multiplier of step 122 of algorithm 110 was chosen to be 0.5.
Thus, the predefined fraction 147 of the maximum value 148
of the injector train load rate 146 must be approximately 0.4
* 10° 1bf/sec.

Finally, in accordance with step 124 of algorithm 110, the
predefined fraction 147 of the maximum value 148 of the
injector train load rate 146 must be mapped to a crank angle
corresponding thereto. Since the injector train load rate 146
was computed with respect to time, a conversion to crank

5,621,160

10

15

20

23

30

35

45

50

35

60

65

10

angle must therefore first be made in accordance with well
known techniques (not shown). From FIG. 7B, the crank
angle corresponding to the predefined fraction 147 of the
maximum value 148 of the injector train load rate 146
appears to be approximately 123.5 degrees. Thus, the SOI
crank angle, in accordance with algorithm 110 of FIG. 5, is
approximately 123.5 degrees relative to piston TDC.

A preferred technique for smoothing the sampled injector

train load data response 80, in accordance with step 116 of
FIG. 5, will now be discussed in detail. In situations where
data smoothing techniques are appropriate for clarifying a
base response, such as with the sampled injector train load
data of the present invention, care must be exercised to
formulate a technique that minimizes distortions of the base
response, particularly with respect to its features of interest.
In the case of injector train load data having the general
characteristics described with respect to response 80 of FIG.
2, arithmetic moving average techniques tend to distort the
base response in the vicinity of the transition portion 84. In
accordance with one aspect of the present invention, a
quadratic moving average data smoothing technique has
therefore been developed which produces substantially less
distortion of the base response 80, particularly in the tran-
sition portion 84.

The quadratic moving average data smoothing technique
of the present invention requires recomputing each injector
train load data point in accordance with a quadratic poly-
nomial equation of the form:

(2),

u=ax; +bxqc,

where u; are the smoothed injector train load data points, x,
are the crank shaft timing parameter data points, and the
coefficients a, b; and c; are computed for each of the n data
points by minimizing the sum of squares errors at k adjacent
data points, wherein the number k determines the degree of
smoothing. The degree of smoothing can be specified explic-
itly or implicitly in terms of a low pass filter frequency in
accordance with the equation:

k=f/(4* 1) (3),

where f5 is the data sampling frequency previously dis-
cussed and f, corresponds to the low pass filter frequency.

The coefficients a,, b;, and c; are computed to satisfy the
condition that derivatives of the sum of squares errors with
respect to each of the foregoing coefficients are zero valued.
In matrix notation, the equation set to be solved in deter-
mining the coefficients a,, b,, and c, is: |

-1 | (4)
a Tyt Ix3 Zx? T yx? |
bi =l 283 = 3x ¥ yx
Ci %2 Ex X1 Ty

Referring now to FIGS. 8-10, a comparison between the
foregoing quadratic moving average data smoothing tech-
nique and a known arithmetic moving average data smooth-
ing technique is made. Referring specifically to FIG. 8, a
simulated base injector train load response (BASE) 150
versus crank angle is shown which magnifies the rising knee
of the transition portion. As evident from FIG. 8, the
arithmetic moving average data smoothing technique
(AMA) 152 distorts the BASE data in the vicinity of the
rising knee of the transition portion whereas the quadratic
moving average data smoothing technique (QMA) 154
tracks the BASE data nearly identically.

The effect of utilizing the QMA approach as compared to
the AMA approach is particularly evident upon observation
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of the simulated first derivative of the injector train load data
(Injector train load rate) in the vicinity of the transition
portion of the response, as shown in FIG. 9. Referring to
FIG. 9, the BASE injector train load rate 156 versus crank
angle 1s shown as a reference. While the AMA data smooth-
ing technique 158 causes significant distortion of the BASE
rate 156 in the transition area, the QMA data smoothing
technique 160 tracks the BASE rate fairly closely.

As discussed hereinabove, SOI in a mechanically actuated
open nozzle fuel injection system occurs in the transition
portion 84 of an injector train load response 80, which
corresponds to the rising portion of the first derivative
thereof. In accordance with the injector train load rate
threshold SOI technique of the present invention, it is thus
highly desirable to provide a data smoothing technique that
closely tracks the base injector train load response 80 in the
transition portion thereof to thereby maximize the accuracy
of the smoothed injector train load rate in the rising portion
thereof. Any deviation of the smoothed injector train load
rate data in the vicinity of the rising portion thereof will
correspondingly lead to inaccuracies in the mapping of the
predefined fraction of the maximum value of the first
derivative of the injector train load response to the SOI crank
angle, as set forth in step 124 of FIG. 5.

Referring now to FIG. 10, an example of such inaccura-
cies associated with the AMA data smoothing technique is

illustrated with respect to an actual sampled injector train

load rate (ACT) 162 (first derivative of injector train load
response) versus crank angle. The 559 point ACT data set
162 was acquired at an engine speed of approximately 1800
rpm with a 100 kHz sampling rate. The 101 point QMA data
set 164 was produced with a low pass frequency f,of 500 Hz
(see equation (3)) so that 50 adjacent data points (k) were
considered in the QMA technique. It is apparent from an
observation of FIG. 10 that the QMA data set 164 much
more closely approximates the ACT data set 162 than does
the 101 point AMA data set 166, particularly in the increas-
ing portion thereof between 110 and 120 crank angle
degrees. In fact, the maximum injector train load rate
appears to be located at a crank angle 168 of approximately
120.5 degrees for the QMA data set 164 and at a crank angle
170 of approximately 123.5 degrees for the AMA data set
166; a difference of 3 degrees. While the inaccuracies
introduced by the AMA data set 166 could be less than 3
degrees, depending upon the value of the multiplier used in
the algorithm of FIG. §, it is apparent that the known AMA
technique is inherently less accurate and could drastically
decrease any flexibility in the choice of multiplier used in the
algorithm of FIG. 5.

In accordance with yet another aspect of the present
invention, the foregoing quadratic moving average data
smoothing technique may be combined with the injector
train load rate estimation technique previously described in
an alternate embodiment of the algorithm 110 of FIG. 5. As
a result, the smoothing step 114 and first derivative compu-
tation step 116 thereof may be replaced by a single data
smoothing and injection train load rate estimation step 115
as shown in FIG. 5.

In a preferred implementation of step 115, uniform time-
based data data sampling is used, as previously discussed, so
that the time At between data samples remains constant. In
accordance with known relationships interrelating a vari-
able, that variable’s velocity and the variable’s acceleration,
the following equation set may be used for sampled data
with a fixed At and assuming constant acceleration:

X=X, 4V, iAt+ai* A2

V=y tailt
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a=a (3),

where x; are injector train load data samples, x, is the initial
injector train Joad, v, is initial injector train load rate, v, are
injector train load rate values, a is the constant injector train
load acceleration value, and i is the ith of n data samples.
The least squares estimates of x,, v, and are found by
solving the tollowing equation, based on n data samples:

(6)

Xi 1 At 12AL2/2
Xit] 1 G+DAr G+ 1)2A2P2 %
— Vo
a
Xitn 1 G+n)At  ((+n)A2R

Equation set (6) may be rewritten in terms of the so-called
zero point being associated with any point of the data set.
For example, setting k=i+1, equation (6) can be rewritten in
the form:

(7)

X-1 1 ~At A2
%o 1 O*Ar 0*AL/2 o
= Vi
a
Xn-1 1 (n—DAr  (n— 1AL

It should be noted that the matrix of equation (7) is inde-
pendent of 1, and therefore needs only to be inverted once
prior to computation of v, values. As k is selected at different

- locations, the effective “filter” transfer function is changed.

The overall “filter time constant” is set by the overall
number of points n in the data window. Equation (7) thus
represents a quadratic moving average rate estimation tech-
nique which may be substituted for steps 114 and 116 in the
algorithm 110 of FIG. 5.

One advantage of using a single step 115, rather than steps
114 and 116, is that only the velocity estimate, v,, need be
computed since the injector train load rate is all that is
required for practice of the present invention. In any event,
once obtained, the velocity data v, may be used as the
estimate of injector train load rate in subsequent steps of the
algorithm 110 of FIG. 5.

Those skilled in the art will recognize that the algorithm
110, in any form discussed hereinabove, may be imple-
mented 1n so called “batch mode™ to provide SOI data in the
development phase of an internal combustion engine, or
may be implemented as an iterative procedure for use on a
production engine to provide valuable SOI information, as
well as other injection related events, to a vehicle control
computer. As an example of one application of such an
iterative approach, memory of the vehicle control computer
may be used to store maximum peak injector train load rate
of the most recent injection cycle. In the next subsequent
injection cycle, the computer may monitor injector train load
rate data for the crank angle at which the injector train load
rate exceeds a predefined fraction of the stored maximum
injector train load rate. In this manner, the algorithm of the
present invention may be used to provide a nearly real-time
monitor of SOI in an operating vehicle. Such information
may be used for diagnostics purposes or as part of a
closed-loop fuel injection timing control system. To this end,
those skilled in the art will recognize that some portions of
the algorithm may be implemented with analog circuitry. For
example, the analog injection train load signal may be
smoothed, the resulting signal differentiated, and peak injec-




5,621,160

13

tion train load rate detected using known analog circuits.
The remaining steps of the algorithm of the present inven-
tion may be carried out with digital computation, as dis-
cussed herein, or may be further processed using analog
circuitry.

Referring now to FIGS. 11A and 11B, measured fuel
Injection timing variability in accordance with the injector

train load rate threshold technique of the present invention

1s compared to measured fuel injection timing variability in
accordance with the known RLT approach discussed in the
BACKGROUND section, in the same engine equipped with
a known TP-type (time-pressure) open nozzle fuel injector
system and operating at peak torque conditions. Referring
specifically to FIG. 11A, “within cylinder” fuel injection
timing variability 270 and “between cylinder” fuel injection
ttming variability 272 are shown as measured in accordance
with the RLT SOI criterion discussed in the BACK-
GROUND section with reference to FIG. 3. By contrast,
FIG. 11B shows “within cylinder” fuel injection timing
vanabulity 274 and “between cylinder” fuel injection timing
variability 276 as measured in accordance with the injector
train load rate threshold technique of the present invention.
A comparison between FIGS. 11A and 11B indicates that
both techniques produce similar estimates of “within cylin-
der” fuel injection timing variability over a broad range of
injector load thresholds (FIG. 11A) and injector load rate
threshold fractions (FIG. 11B). However, estimates of
“between cylinder” fuel injection timing variability pro-
duced by the injector train load rate threshold technique of
the present invention are approximately 50% better on
average than those produced in accordance with the known
RLT approach of FIG. 11A.

While the invention has been illustrated and described in
detail in the drawings and foregoing description, the same is
to be considered as illustrative and not restrictive in char-
acter, it being understood that only the preferred embodi-
ment has been shown and described and that all changes and
modifications that come within the spirit of the invention are
desired to be protected. For example, the moving average
data smoothing techniques described herein are not strictly
Iimited to the use of quadratic polynomials per se, and may
be implemented using any order polynomial, or other basis
function. | |

What is claimed is:

1. In an internal combustion engine having a fuel injector
actuated by a crank shaft via an injector train, a method of
determining a crank shaft angle, relative to a predefined
position thereof, at which start of injection (SOI) of fuel

from the fuel injector occurs, the method comprising the
steps of:

obtaining injector train load data as a function of crank

shaft timing;
smoothing the injector train load data;

computing a first derivative of the smoothed injector train
load data with respect to crank shaft timing;

locating a maximum value of the first derivative:;

multiplying the maximum value of the first derivative by
a predefined fraction; and

mapping the predefined fraction of the maximum value of
the first derivative to its corresponding crank shaft
angle, said corresponding crank shaft angle defining the
crank shaft angle at which SOI occurs.

2. The method of claim 1 wherein the obtaining step

includes the steps of:

sensing injector train load and providing an injector train

load signal corresponding thereto;
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sensing crank shaft speed and providing a crank shaft
speed signal corresponding thereto; and |

sampling the injector load signal as a function of said
crank shaft speed signal at a predefined sampling rate.
3. The method of claim 2 wherein the smoothing step
includes smoothing the injector train load data in accordance
with the quadratic equation y=ax,*+bx+c, wherein Y. rep-
resents the smoothed injector train load data samples, x,
represents the injector train load data samples, and coeffi-
cients a, b and ¢ are recomputed for each data sample by
minimizing a sum of square errors equation of the quadratic
equation at a number of adjacent data samples.
4. The method of claim 3 wherein minimizing the sum of

square errors at the number of adjacent data samples
includes the steps of:

computing a firsts: derivative of the sum of square errors
equation with respect to each of the coefficients a, b and
C,

forming a system of equations by equating the first

derivative of the sum of square errors equation with
respect to each of the coefficients a, b and ¢ to zero; and

solving the system of equations for the coefficients a, b a
C

5. The method of claim 2 wherein the step of computing
a first derivative is performed successively for each data

sample 1n accordance with a numerical differentiation tech
nique. |

6. The method of claim 5 wherein the numerical differ-
entiation technique is a fourth order accurate central finite
difference relationship.

7. The method of claim § wherein the step of computing
a maximum value of the first derivative includes searching
the data samples of the first derivative for the maximum
value thereof. |

8. The method of claim 1 wherein the smoothing step is
performed in accordance with a quadratic moving averaging
data smoothing technique.

9. The method of claim 1 wherein the fuel injector is an
open nozzle fuel injector. |

10. The method of claim 1 wherein the smoothing step
and the step of computing the first derivative are combined
into a single smoothing and rate estimation step in accor-
dance with a quadratic moving average rate estimation
technique.

11. In an internal combustion engine having a fuel injector
actuated by a crank shaft via an injector train, an apparatus
for determining a crank shaft angle at which start of injection
(SOI) of fuel from the fuel injector occurs, the apparatus
comprising:

means for providing an injector train load signal corre-

sponding to injector train load; and

a computer having a first input port receiving said injector

train load signal, said computer including

means for processing said injector train load signal to
produce injector train load data as a function of crank -
shaft timing; |

means for computing a first derivative of said injector
train load data with respect to crank shaft timing;

means for determining a maximum value of said first
derivative;

means for computing a predefined fraction of said
maximum value of said first derivative; and

means for mapping said predefined fraction of said
maximum value of said first derivative to its corre-
sponding crank shaft angle, said corresponding crank
shaft angle defining the crank shaft angle at which
SOI occurs.
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12. The apparatus of claim 11 wherein said computer
further includes means for smoothing said injector train load
signal prior to computing said first derivative.

13. The apparatus of claim 11 further including means for
providing a crank shaft timing signal corresponding to crank
shaft timing relative to a reference position thereof;

wherein said computer includes a second input port

receiving sald crank shaft timing signal;

and wherein said means for processing said injector train

load signal further processes said crank shaft timing
signal to produce injector train load data as a function
of crank shaft timing,

14. The apparatus of claim 13 wherein said means for
processing said injector train load signal and said crank shaft
timing signal to produce said injector train load data corre-
sponding to crank shaft timing includes means for sampling
said injector train load signal and said crank shaft timing
signal at a predefined sampling rate and producing a number
of injector train load and corresponding crank shaft timing
data pairs. |

15. The apparatus of claim 13 wherein said means for
providing a crank shaft timing signal corresponding to crank
shaft timing relative to a reference position thereof is a crank
shaft position sensor.

16. The apparatus of claim 15 wherein the crank shaft
actuates a piston within a cylinder in communication with
the fuel injector, the piston being actuated between a bottom

dead center (BDC) position and a top dead center position
(TDC);

and wherein said reference position of the crank shaft is
the crank shait position corresponding to TDC of the
piston.

17. The apparatus of claim 11 wherein said means for
processing said injector train load signal to produce said
injector train load data as a function of crank shaft timing
includes means for sampling said injector train load signal at
a uniform sampling rate and producing a number of injector
train load and corresponding crank shaft timing data pairs.

18. The apparatus of claim 11 wherein said computer
further includes means for smoothing said injector train load
data with respect to crank shaft timing.

19. The apparatus of claim 11 wherein said means for
providing an injector train load signal corresponding to
injector train load is a strain gauge sensor operatively
associated with the injector train.

20). The apparatus of claim 11 wherein the fuel injector is
an open nozzle fuel injector.

21. The apparatus of claim 20 wherein the open nozzle
fuel injector is a unit fuel injector.

22. The apparatus of claim 21 wherein the internal com-
bustion engine is a diesel engine.

23. In an internal combustion engine having a fuel injector
actuated by a crank shaft via an injector train, all apparatus
for determining a crank shaft angle at which start of injection
(SOI) of fuel from the fuel injector occurs, the apparatus
comprising:

an injector train load sensor providing an injector train

load signal corresponding to injector train load;

a crank shaft timing sensor providing a crank shaft timing
signal corresponding to crank shaft timing; and

a computer having a first input port receiving said injector
train load signal and a second input port receiving said
crank shaft timing signal, said computer including
a signal sampling portion sampling said injector train

load signal and said crank shaft timing signal at a
predefined sampling rate and producing a number of
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injector train load and corresponding crank shaft

timing data pairs; and
a data processing portion operable to compute a first
derivative of said injector train load data with respect
to said crank shait timing data, compute a maximum
value of said first derivative, compuie a predefined
fraction thereof, and map said predefined fraction of
said maximum value of said first derivative to its
corresponding crank shaft angle, said corresponding
crank shaft angle defining the crank shaft angle at

which SOI occurs.

24. The apparatus of claim 23 wherein the crank shaft
actuates a piston within a cylinder in communication with
the fuel 1njector, the piston being actuated between a bottom

dead center (BDC) position and a top dead center position
(TDC);

and wherein said crank shaft angle is referenced to a crank
shaft position corresponding to TDC of the piston.

23. The apparatus of claim 23 wherein said data process-
ing portion of said computer is further operable to smooth
the injector train load data prior to computing said first
derivative.

26. The apparatus of claim 23 wherein the fuel injector is
an open nozzle fuel injector.

27. The apparatus of claim 26 wherein the open nozzle
fuel injector is a unit fuel injector.

28. In combination:

an internal combustion engine having a fuel injector
actuated by a crank shaft via an injector train; and

an apparatus for determining a crank shaft angle at which
start of injection (SOI) of fuel from the fuel injector
occurs, the apparatus comprising:

an injector train load sensor providing an injector train
load signal corresponding to injector train load; and

a computer having a first input port receiving said injector

train load signal, said computer including

a signal processing portion processing said injector
train load signal to produce injector train load data as
a function of crank shaft timing; and

a data processing portion operable to smooth said
injector train load data, compute a first derivative of
said smoothed injector train load data with respect to
said crank shaft timing data, compute a maximum
value of said first derivative, compute a predefined
fraction thereof, and map said predefined fraction of
said maximum value of said first derivative to its
corresponding crank shaft angle, said crank shaft
angle defining the crank shaft angle at which SOI
OCCUrs.

29. The combination of claim 28 wherein the fuel injector
1S an open nozzle fuel injector.

30. The combination of claim 29 wherein the open nozzle
fuel injector is a unit injector.

31. The combination of claim 28 wherein the internal
combustion engine 1s a diesel engine.

32. The combination of claim 28 wherein the apparatus
further includes a crank shaft position sensor providing a
crank shaft timing signal corresponding to crank shaft
timing;

and wherein said computer further includes a second input

port recetving said crank shaft timing signal, said signal
processing portion further processing said crank shaft
timing signal to produce injector train load data as a
function of crank shaft timing.

33. The combination of claim 28 wherein the crank shaft
actuates a piston within a cylinder in communication with
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the fuel injector, the piston being actuated between a bottom

dead center (BDC) position and a top dead center position
(TDC);

and wherein said crank shaft angle is referenced to a crank
shaft position corresponding to TDC of the piston.

34. The combination of claim 28 wherein said signal °

processing portion of said computer is operable to sample
sald injector train load signal and said crank shaft timing
signal at a predefined sampling rate and produce a number
of injector train load and corresponding crank shaft timing
data pairs.

35. The combination of claim 28 wherein said signal
processing portion of said computer is operable to sample

5,621,160
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sald injector train load signal at a uniform sampling rate,
determine crank shaft timing data corresponding to a first
one of said injector train load samples, and produce a
number of injector train load and corresponding crank shaft
timing data pairs.

36. The combination of claim 28 wherein said means for
smoothing said injector train load data is operable to smooth
said injector train load data in accordance with a quadratic
moving average smoothing technique.

k% ok %
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